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Abstract 
The current codes for the design of RC structures are based exclusively on the characteristic compressive strength f’c of the 
concrete mix and ignore completely its tensile capacity. This means that as the tensile strength and the brittleness of concrete 
increase with an increase in f’c, the minimum reinforcement required to attain the required ductility has to be increased without 
utilising the higher tensile strength. This often leads to wastage of reinforcement and to severe congestion, especially near joints 
which in turn leads to a lack of adequate compaction and cover, i.e. to honeycombing. 
To avoid this we propose a completely new design philosophy based not on f’c but on the characteristic length lch of the concrete 
mix. The mix characteristic length was first introduced more than three decades back by Hillerborg based on the concepts of 
fracture mechanics. It involves three independent properties of the mix; its stiffness (E), tensile strength f’t and specific fracture 
energy or toughness GF [lch = (E GF)/(f’t)2]. It captures the intrinsic ductility of the mix; the larger the lch, the more ductile the 
mix. It is clear from the definition of lch that it decreases as f’c (and therefore f’t) increases. The new design philosophy proposes 
to base the design on a fixed lch of concrete mix used irrespective of its f’c. Thus, if the base lch is chosen to correspond to a mix 
with f’c = 40MPa, but in the actual RC structure a mix with f’c = 100 MPa is used whose lch would be much smaller than the base 
value, then it must be increased to coincide with the base value. In turn this means that the minimum reinforcement required for 
RC structures of same geometry made of mixes with different f’c but the same lch will be the same and these structures will 
exhibit similar ductile response. 
As the stiffness E increases only marginally with an increase in f’c (i.e. f’t) it is clear that the toughness GF of the mix must be 
increased to compensate for the reduction in lch caused by the increase in f’t. This is achieved by the addition of steel fibres. The 
amount of fibre to be added will depend on f’t of the mix and on the type and texture of steel fibre used.  
This paper will summarise the research done over the past six years in Cardiff University on different RC members (long and 
short beams, slender columns) made from mixes with f’c = 40 and 100 MPa to test the validity of this new design philosophy. The 
higher strength mix had to be supplemented by about 0.18% by volume 30 mm long and 0.55 mm diameter steel fibres for it to 
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have the same lch as the 40 MPa mix (approximately 300 mm). All members of a given type e.g. slender columns were reinforced 
with the minimum reinforcement required for 40MPa concrete mix according to EC2. They were tested and found to exhibit 
exactly the same failure mode, irrespective of the mix f’c. The members made from 100MPa concrete mix with 0.18% by volume 
steel fibres carried more load, as expected, but failed in the same ductile manner as the corresponding members made from 40 
MPa mix despite the fact that they contained the same minimum reinforcement as the latter. This confirmed our suspicions that
the current design code provisions for minimum reinforcement based on the mix compressive strength grossly overestimate the 
requirements for high strength mixes leading to wastage of steel and reinforcement congestion. 
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1. Introduction 
The current codes for the design of RC structures throughout the world are based exclusively on the characteristic 
compressive strength f’c of the concrete mix and ignore completely its tensile capacity. This means that as the tensile 
strength and the brittleness of concrete increase with an increase in f’c, the minimum reinforcement required to attain 
the required ductility has to be increased without utilising the higher tensile strength. This leads to unnecessary 
wastage of reinforcement and to severe congestion, especially near joints which in turn leads to a lack of adequate 
compaction and cover, i.e. to honeycombing.  
There is indeed another, more fundamental, reason for not using f’c as the basic design parameter. This is to do 
with the fact that the failure of any engineering material is a result of the breaking of bonds that can only take place 
when the bonds are stretched beyond a limit. What is often regarded as failure under compression is in fact a result 
of the coalescence of local tensile fractures. The fundamental material property of concrete is not therefore its 
compressive strength but rather its tensile strength. 
To avoid the total reliance of RC design on a dubious material property of concrete, we propose a completely new 
design philosophy based not on f’c but on the characteristic length lch of the concrete mix. We shall demonstrate in 
this paper how beneficial this new design philosophy is in reducing the amount of minimum reinforcement needed 
when high strength concrete is used in an RC structure without jeopardising the ductility of the structure. We shall 
give examples of long and short span beams and slender columns in support of this new design philosophy. 
The mix characteristic length was first introduced more than three decades back by Hillerborg et al. (1976) and 
Bache (1986) based on the concepts of fracture mechanics. These concepts are particularly relevant to concrete 
because they take into consideration internal dissipation through non-fatal micro-cracking of a lot of energy that is 
imparted to a concrete structural element when it is under external mechanical and/or environmental loading. The 
characteristic length involves three independent fundamental properties of the mix; its stiffness (E), tensile strength 
f’t , and specific fracture energy or toughness GF  
   2tFch f/GEl            (1) 
It captures the intrinsic ductility of the mix; the larger the lch, the more ductile the mix. It is clear from the 
definition of lch that it decreases sharply as f’t increases.  
From the characteristic length of the mix used in an RC structure, it is also possible to predict the ductility of the 
latter under external loading, depending upon its characteristic size W.  For this the structural ductility index given 
by the ratio of lch /W is used (Karihaloo, 1995); the higher this index the more ductile the structural response, and 
vice versa. It shows that RC structures made from the same mix will exhibit lesser and lesser ductility, as the 
characteristic size of the structure increases. 
The new design philosophy proposes to use the minimum reinforcement in RC structures corresponding to a fixed 
lch of a low strength concrete mix irrespective of the  f’t or f’c of the actual mix used in the structure. Thus, if the base 
lch is chosen to correspond to a mix with, say f’c = 40MPa, but in the actual RC structure a mix with f’c = 100 MPa is 
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used whose lch would be much smaller than the base value (according to Eq (1)), then it must be increased to 
coincide with the base value. In turn this means that the minimum reinforcement required for RC structures of the 
same characteristic size made of mixes with different f’t (i.e. f’c) but with the same lch will be the same and that these 
structures will exhibit identical ductile response under external loading. 
As the stiffness E increases only marginally with an increase in f’c (i.e. f’t) it is clear that the toughness GF of the 
mix must be increased to compensate for the reduction in lch caused by the increase in f’t (see Eq (1)). This is 
achieved by the addition of steel fibres. The amount of fibre to be added will depend on f’t of the mix and on the type 
and texture of the steel fibre used.  
This paper will give an overview of the research done over the past six years in Cardiff University on different 
RC members (long and short beams, slender columns) made from mixes with f’c = 40/50 and 100 MPa to test the 
validity of this new design philosophy (Wei, 2007; Wong, 2009; Rubel et al., 2010; Gougoulias et al., 2012; and Qiu 
and Zhang, 2013). The higher strength mix had to be supplemented by about 0.18% -0.20% by volume 30 mm long 
and 0.55 mm diameter steel fibres with crimped ends for it to have nearly the same lch as the 40/50 MPa mix 
(approximately 300 mm). All members of a given type e.g. slender columns were reinforced with the minimum 
reinforcement required for 40MPa concrete mix according to EC2 (Eurocode 2, 2004). They were tested and found 
to exhibit exactly the same failure mode, irrespective of the mix f’c. The members made from 100MPa concrete mix 
with 0.18% - 0.20% by volume steel fibres carried more load, as expected, but failed in the same ductile manner as 
the corresponding members made from 40 MPa mix despite the fact that they contained the same minimum 
reinforcement as the latter. This confirmed our suspicions that the current design code provisions for the minimum 
reinforcement based on the mix compressive strength grossly overestimate the requirements for high strength mixes 
leading to wastage of steel and reinforcement congestion. The measured material properties and the characteristic 
length of mixes are given in Table 1. The modulus of elasticity (E) and the split cylinder strength (f’t) were measured 
by standard tests, whereas the size-independent GF was measured using the boundary effect method (Abdalla and 
Karihaloo, 2003; Ramachandra et al., 2013 and Cifuentes and Karihaloo, 2013). 
 
          Table 1. Material Properties 
 
Concrete Mix 
Designation 
Static Modulus of 
Elasticity E,  GPa 
True Specific Fracture 
Energy GF, N/m 
Split Cylinder 
Strength ft , MPa 
Characteristic Length lch, 
mm 
C40--C50 30--40 90--125 3.5--4.0 225--305 
C100--C110 45--52 60--80 6.5--7.5 55--85 
C100--C110 
+(0.18%--0.20%)  
by vol steel fibre 
45.5--52.5 
 
450--500 7.8--8.4 335--375 
 
The reinforcement requirements of beams according to EC2 are summarised below. 
2. Longitudinal reinforcement of beams, minimum and maximum reinforcement areas 
According to 9.2.1.1 (1) and 9.2.1.1 (3) sections of EC2, the minimum and maximum permitted longitudinal 
tension reinforcement is determined by the following relationships:  
As,min=0,26(fctm/fyk)btd, but not less than 0,0013btd and also As,max≤0,04Ac, where fctm is determined with respect to 
characteristic compressive cylinder strength of concrete, fyk is the characteristic yield strength of reinforcement, bt is 
the mean width of tension zone, d is the beam depth, and Ac is the cross sectional area of concrete. 
 
         Table 2. Reinforcement ratio according to EC2 (9.2.1.1(1)), using steel  fyk=500 MPa  
 
Concrete C25/30 C30/35 C40/50 C50/60 C60/75 C80/95 C90/105 C100/115 
fctm 2.6 2.9 3.5 4.1 4.4 4.8 5.0 5.2 
As,min/(btd), % 0.13 0.15 0.18 0.21 0.23 0.25 0.26 0.27 
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The minimum shear reinforcement requirement in beams according to EC2 (9.2.2(5)), using steel fyk=500 MPa is 
given in Table 3. 
 
 
                    Table 3.  Shear reinforcement of beams  
 
Concrete C25/30 C30/35 C40/50 C50/60 C60/75 C80/95 C90/105 C100/115 
ρw,min % 0.08 0.09 0.10 0.11 0.12 0.14 0.15 0.16 
 
 
It will be noted from Tables 2 and 3 that the minimum longitudinal and shear reinforcement ratios according to 
EC2 must be increased by 50% and 60% respectively when the concrete characteristic compressive strength is 
increased from C40/50 to C100/115. 
2.1 Long flexural members  
At least 4 long beams were cast from C50 and from C100 +0.2% SF mixes which had nearly the same lch (Table 
1). The longitudinal and shear reinforcement in each beam irrespective of the concrete grade corresponded to 
C40/50 grade concrete, as shown in Fig. 1. The beams from both grades of concrete were designed to carry the same 
nominal ultimate load (120 kN), and were doubly reinforced. The depth of the higher grade concrete beam was 
reduced from 250 to 225 mm (see Fig. 1). This meant that the reinforcement ratio is slightly higher in the 
C100+0.2% SF beams.  The beams were tested in four-point bending, over a span of 1500 mm and the mid-span 
deflection was recorded. The recorded load-deflection plots are shown in Figs. 2 and 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
Fig. 1. Cross sections of C50 and C100+0.2%SF concrete beams. 
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Fig. 2. Load mid-span displacement curves of C50 test beams (4 specimens) 
 
 
 
Fig. 3. Load mid-span displacement curves of C100+0.2%SF test beams (4 specimens) 
 
The load carrying capacity of all beams was nearly the same, approximately 180 kN, which exceeded the nominal 
design capacity of 120 kN. All C50 beams exhibited a combination of flexural and shear response, whereas all 
C100+0.2% SF beams exhibited pure flexural response, notwithstanding the fact that they contained the same 
longitudinal and shear reinforcement as the C50 beams. 
 
2.2 Short beams  
Several short beams (150 x 300 x 1000 mm) were designed from C40 and C100 +0.2% SF concrete mixes using 
only the minimum longitudinal (and shear) reinforcement according to EC2 (Tables 2 and 3) for C40 concrete (Fig. 
4). The beams were tested in four-point bending over a span of 850 mm and the mid-span deflection was recorded. 
The load-deflection plots are shown in Figs. 5 and 6. It is clear from a comparison of these figures that the C100 + 
0.2% SF beams exhibit a far more ductile response than the C40 beams despite the fact that they have the same span 
to depth ratio and contain the same longitudinal and shear reinforcement as the C40 beams.  
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Fig. 4. Cross sections of C40 and C100+0.2% SF beams (150x300x1000mm) with and without shear reinforcement. 
 
   This shows that there is no need to increase the minimum longitudinal and shear reinforcement in the higher grade 
concrete beams to ensure ductility, as it is recommended in EC2. Moreover, the superior load carrying capacity of 
the C100 +0.2% SF beams is solely a reflection of the superior properties of this mix over the C40 mix. 
 
 
 
Fig. 5. Load-mid-span displacement diagrams of C40 beams with or without shear reinforcement 
 
375 B.L. Karihaloo /  Procedia Materials Science  3 ( 2014 )  369 – 377 
 
 
 
Fig. 6. Load-mid-span displacement diagrams of C100+0.2% SF beams (span to depth ratio= 2.83) 
 
3. Column longitudinal reinforcement 
EC2 (section 9.5.2) provides all the necessary data and relationships to calculate the longitudinal reinforcement 
of columns. The following provisions cover only the columns in which the larger dimension h is up to 4 times 
greater than the smaller b. The minimum diameter of longitudinal reinforcement steel bars is recommended to be 
more than φmin=8mm and the minimum amount of longitudinal reinforcement must be the greater of the following:  
As,min= (0.1 Ned/fyd) or As,min= 0.002Ac 
where fyd is the design yield strength of the reinforcement,  Ned is the design axial compressive force, and Ac is the 
column cross sectional area. The maximum permitted area of longitudinal reinforcement As,max should not exceed 
0.04Ac outside lap locations. The only exception is in the case where concrete integrity does not seem to be affected 
and the full strength is attained at ULS. Then, the above mentioned value can be increased to 0.08Ac at laps. At least 
four longitudinal steel bars are required in the case of circular cross section columns and one bar at each corner for 
the corresponding polygonal section. 
3.1 Column transverse reinforcement 
In conformity with the section 9.5.3 of EC2, the diameter of transverse reinforcement (links, loops or helical 
spiral reinforcement) needs to be larger than one quarter of the diameter of longitudinal bars or 6mm. In addition, 
the least diameter of the wires of welded mesh fabric for transverse reinforcement should be 5mm. The code also 
highlights the need for adequate anchorage of the transverse reinforcement. Finally, the maximum spacing of 
transverse reinforcement should be less than scl,tmax, where scl,tmax is the smallest of the following three distances: 20 
times the minimum diameter of longitudinal bars,  the lesser dimension of the column, or 400mm. 
 
3.2 Slender columns 
                                                      Table 4. Dimensions of slender test columns 
 
Mix Quantity Dimensions, mm Reinforcement 
C40 4 120 x 120 x 2000 EC2 Standard 
C110 4 120 x 120 x 2000 As for C40 
C110 + 0.18% SF 4 120 x 120 x 2000 As for C40 
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Fig. 7 Cross section of column and reinforcement arrangement. All dimensions in mm. 
 
Twelve slender columns (Table 4), four from each of the three concrete mixes, C40, C110, C110+0.18% SF were 
designed according to EC 2 using only the minimum longitudinal and transverse reinforcement for C40 grade 
concrete. The details of the reinforcement are shown in Fig 7. The columns were tested in a universal testing 
machine. Each column was first placed in a safety cage before being located in the testing machine.  
The peak load and the corresponding lateral deflection were recorded, as well as the mode of failure (Tables 5-7). 
As expected, all C40 columns failed by buckling, whereas all the C110 columns failed by compression crushing.  
                  
                   Table 5.  Test results of C40 columns 
 
Specimen 
Number 
Maximum 
Lateral 
Deflection, mm 
Peak Load, 
kN 
Average Peak Load, 
kN 
Coefficient of 
Variation, % 
Failure Mode 
1 6.30 479.31   Buckling 
2 5.19 373.71 457.89 7.63 Buckling 
3 6.29 417.28   Buckling 
4 4.64 476.78   Buckling 
 
 
                       Table 6. Test results of C110 columns 
 
Specimen 
Number 
Maximum Lateral 
Deflection, mm 
Peak Load, 
kN 
Average Peak 
Load, kN 
Coefficient of 
Variation, % 
Failure 
Mode 
1 3.78 1129.41   Crushing 
2 Transducer failure 881.37 1195.58 7.00 Crushing 
3 2.92 1289.71   Crushing 
4 1.79 1167.72   Crushing 
 
                 Table 7. Test results of C110 +0.18% SF columns 
 
Specimen 
Number 
Maximum Lateral 
Deflection, mm 
Peak Load, 
kN 
Average Peak Load, 
kN 
Coefficient of 
Variation, % 
Failure Mode 
1 9.31 1022.67   Buckling 
2 6.23 1243.22 1192.54 13.85 Buckling 
3 2.13 1104.95   Crushing 
4 1.21 1399.31   Crushing 
 
Two of the four C110 +0.18% SF failed by buckling and two by compression crushing. The variability in the 
failure mode of C110 +0.18% SF columns is explained by the fact that the buckling and compression crushing loads 
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are very nearly the same (cf. Tables 6 and 7), because the increase in stiffness induced by the fibres is negligible 
(Table 1 for Young’s modulus of C110 and C110 +0.18% SF mixes). 
The most important result here is that the slender columns made from C110 +0.18% SF exhibit the same 
behaviour as the C40 slender columns, despite containing the same longitudinal and transverse reinforcement as the 
C40 grade columns. There is thus no need to provide any additional confining reinforcement to prevent sudden and 
explosive brittle failure of the column. The confinement is provided locally by the steel fibres. It should be noted 
that the increase in the buckling load of slender columns from 458 kN for C40 grade to 1192 kN for C110 + 0.18% 
SF is therefore solely thanks to the higher concrete grade. Thus, the superior performance of the high strength 
concrete has been fully utilised without any additional steel reinforcement and without compromising the safety of 
the column. This shows that the current provisions of EC 2 code are both over-conservative and unnecessary.  
 
4. Conclusions 
From the extensive series of tests on long and short beams and on slender columns, only some of which were 
reported above, we have demonstrated conclusively that:  
x There is no need to increase the amount of reinforcement in RC structures with an increase in the grade 
of concrete used in the construction, as required by EC2 and similar codes worldwide;  
x The amount of reinforcement needed in C100/110 concrete structures is the same as in C40/50 
structures, provided that the characteristic length of the higher grade concrete mix is the same as the 
lower grade concrete. This is achieved in the inclusion of a small volume fraction of steel fibres in the 
higher grade mix;  
x The ductility of the structures does not deteriorate if the characteristic length of the concrete mixes is 
the same. There is thus no need to provide any additional confining reinforcement to prevent sudden 
and explosive brittle failure of the RC structure made from the higher grade concrete. The confinement 
is provided locally by the steel fibres;  
x The increase in load carrying capacity of the higher grade structures is therefore solely thanks to the 
higher concrete grade. Thus, the superior performance of the high strength concrete has been fully 
utilised without any additional steel reinforcement and without compromising the safety of the 
structure;  
x The current provisions of EC 2 code are both over-conservative and unnecessary.  
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